Abstract. The present study focuses on scratch behaviour of a conventional pearlitic and a number of solid solution strengthened ferritic Compacted Graphite Iron (CGI) alloys. This was done by employing a single-pass microscratch test using a sphero-conical diamond indenter under different constant normal load conditions. Matrix solution hardening was made by alloying with different contents of Si; (3.66, 4.09 and 4.59 wt%. Si) which are named as low-Si, medium-Si and high-Si ferritic CGI alloys, respectively. A good correlation between the tensile and scratch test results was observed explaining the influence of CGI's matrix characteristics on scratch behaviour both for pearlitic and fully ferritic solution strengthened ones. Both the scratch depth and scratch width showed strong tendency to increase with increasing the normal load, however the pearlitic one showed more profound deformation compared to the solution strengthened CGI alloys. Among the investigated alloys, the maximum and minimum scratch resistance were observed for high-Si ferritic CGI and pearlitic alloys, respectively. It was confirmed by the scratched surfaces analysed using Scanning Electron Microscopy (SEM) as well. In addition, the indenter's depth of penetration value (scratch depth) was found as a suitable measure to ascertain the scratch resistance of CGI alloys.
Introduction
Pearlitic Compacted Graphite Iron (CGI) is characterised by its unique graphite morphology within the metal matrix which provides an intermediate mechanical and physical properties between the lamellar and spheroidal graphite cast irons. Hence, CGI alloys are commonly selected as suitable candidates for high mechanical and pressure applications such as diesel engine components [1] . Depending on the matrix structure, for instance pearlitic or ferritic, CGI alloys are used as piston rings and more recently as cylinder liners in heavy-fuel marine diesel engines, as well as cylinder blocks and cylinder heads in heavy-truck and heavy-fuel marine diesel engines where an excellent combination of mechanical, thermal and tribological properties are required. However, machinability of the pearlitic CGI is a big drawback [2] [3] [4] . Therefore, in recent years, CGI alloys with fully ferritic matrix have received a great attention for promising satisfactory mechanical and physical properties for the next generation of cast irons [2, 5] . Thus, fully ferritic CGI alloys have been recently received more attention in industrial applications where good machinability does importantly matter, while maintaining the strength.
In piston rings and cylinder liner applications or similar situations, where the components are subjected to abrasive wear, hardness and thereby abrasion resistance is a critical factor for engine manufacturers and designers. By knowing that, the material hardness is one of the most important parameters determining abrasion resistance, improvement in hardness of the alloy may lead to a significant improvement of the abrasion resistance of the components. This can be done by applying different techniques such as pearlitic structure with finer pearlite lamellas, solid solution hardening and so onwards [3, 6] . In the present study, Si alloy was added to strengthen the metallic matrix via a solid solution mechanism [7] , increase the hardness, tensile strength, and yield strength of ferritic matrix [8, 9] . However, this aim will be reached in expense of, to some extent, losing thermal conductivity and ductility. To have a better understanding and precise macroscopic scale explanation of the elastic and plastic deformation of a heterogeneous material such as CGI, it is necessary to do first a proper local investigation using micro-mechanical models [10] . To do so, several previous in-situ SEM studies were carried out by Murray et al. [11] , Glaeser [12] , Bates et al. [13] , Kayaba et al. [14, 15] , and Calabrese et al. [16] to elucidate the macroscopic abrasive wear by scrutinising in microscopic scale on different materials such as steel and polymers. However, a very few studies have been performed on cast iron materials in general and CGI in particular.
Over the last two decades, scratch behaviour of materials has gradually become an important research topic in both the academic and industrial world to assess the abrasion resistance of materials [17, 18] . However, it is crucial to identify the key parameters compared to the reality and mimic the real abrasion condition, instrumented scratch testing has been shown to be a useful tool for characterisation of the abrasion resistance of materials [19] . This study presents an experimental simulation of a rigid sphero-conical indenter sliding against a pearlitic and a number of fully ferritic CGI alloys which have been solution strengthened by different Si contents. To determine the abrasion behaviour and characterise the relative scratch resistance compared to the normal pearlitic CGI, single-pass microscratch test was employed as presented by Kato and Hokkirihgawa [20] . The influence of scratch normal load on tribological behaviour has been discussed. The results obtained from microscopic analysis are used to make correlation between the abrasive wear modes, coefficient of friction and scratch deformation mechanisms of CGI alloys with various microstructures.
Experimental Procedure

Materials and Microstructural Analysis
Four grades of CGIs were investigated in this study. Three ferritic CGI solution strengthened with different Si levels 3.66, 4.09 and 4.59 wt%, named as low-Si, medium-Si and high-Si, respectively and one pearlitic CGI used as "reference sample". A typical composition of the materials used in this study is given in Table 1 . The scratch specimens were first metallographically ground according to the standard sample preparation procedure for cast iron materials followed by polishing with a diamond suspension down from 3 to 1 μm. The samples were finally cleaned with acetone in an ultrasonic cleaner prior to scratch testing. The surface prepared had a surface roughness (Ra) of approximately 0.02 μm. In addition, in case where the deformation of the pearlitic structure was of interest, the polished surface was very gently etched using Nital solution 2% before scratching. Scanning Electron Microscopy (SEM) was utilised to investigate both morphology and scratch deformation mechanisms.
Tensile Testing and Hardness Measurements
Tensile test was made to determine mechanical properties, including Young′s modulus E, offset proof stress R p0.2 , tensile strength R m , and elongation to failure (ɛ F ) of the specimens. The tests were carried out according to the tensile testing standard ISO 6892-1:2009 method B at ambient temperature.
For all the investigated materials, Vickers microhardness measurements were carried out locally under applied load of 6 N just over the pearlite colonies and ferritic matrix following the ISO 6507- 
Microscratch Testing
In the present investigation, a sphero-conical diamond indenter with a conical tip (radius 50 μm) and induced cone angle of 90° was used for scratching the surfaces over 1000 μm with scratch velocity of 10 μm/s. The microscratch tests were conducted under constant normal load conditions at room temperature ~ 25°. In addition to the microscratch by applying the main load, the pre-and post-scan scratches were made at very low load condition of about 0.2 mN in the same direction of the main scratches. The microscratch depth was recorded continuously during scratching. The microscratch width was then calculated based on the data obtained from the indenter's depth of penetration during scratching. Considering the sphero-conical indenter tip geometry, Eq. 1 was used to calculate the microscratch width W during scratching [21] :
where W, h and R are the scratch width, scratch depth and radius of the tip of indenter, respectively. Fig. 1(a) represents the typical LOM image of the pearlitic CGI sample which contains mainly pearlite, while the new produced solution strengthened CGI consisted of compacted graphite particles and some graphite nodules within a fully ferritic matrix, as shown in Fig. 2(b) . 
Results and Discussion
Microstructural Characterisation
Tensile Properties and Hardness Measurements
The influence of Si addition on hardness and tensile properties of the CGI examined samples is summarised in Table 2 . The microhardness measurements were performed only over the pearlite colonies for the pearlitic CGI and the ferritic matrix for the solution strengthened ferritic CGI alloys. As is shown in Table 2 , no significant difference was observed in Young's modulus of low-, medium, and high-Si alloys. Increasing of Si content increased both tensile and yield strength, however, it was more significant for Rp0.2 than that of Rm with increase of approximately 29%, and 25% with increasing Si content from low-to high-Si level. In contrast, silicon addition, resulted in decrease of elongation to failure of the ferritic solution strengthened CGI materials at room temperature ~ 25 °C.
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Science and Processing of Cast Iron XI The increased strength of the Si-alloyed material was related to the solution strengthening effect of Si which increased the hardness of the matrix. This effect can be seen in both Vickers microhardness and Brinell hardness measurements listed in Table 2 . As it is observed, the different contents of Si in the matrix provided various ranges of microhardness. The hardness measurements displayed a slight increase in matrix Vickers microhardness values as well, from approximately 230 HV to 287 HV, along with an increase in Si content from low-up to high-Si level, which corresponds to an increase of roughly 25% in microhardness value, as given in Table 2 . In a similar manner, the Brinell hardness of the solution strengthened CGI alloys was increased by about 18% with increase of Si content from low-to high-content. This suggests that most of the increase obtained in strength could be attributed to the Si solid solution hardening mechanism.
Microscratch Constant Load Testing
Figs. 2(a) and (b) indicate the deformation of low-Si solution strengthened and conventional pearlitic CGI alloys under a constant normal load of 600 mN after scratching. As can be seen, under such a loading condition, the scratch depth would be about 1 μm which almost no considerable pileup formation.
Figure 2. Scratched surfaces under 600 mN constant load condition correspond to (a) low-Si ferritic solution strengthened, (b) pearlitic CGI investigated alloys.
For all materials, the scratch depth and scratch width tend to increase with increasing the applied normal load as shown in Figs. 3(a) and (b) . The scratch depth and scratch width values presented in Fig. 4 correspond to the six measurements positions along the scratch length. Three scratches are made for each individual applied normal load. The mean value of all positions is summarised for the investigated materials in Figs. 3(a) and (b) . Note should be taken that the microscratch depth data presented in Fig. 3(a) are corresponding to the recorded data during the scratching. The greatest scratch depth was found for pearlitic CGI alloy followed by low-, medium-and high-Si alloys. The latter both show a significantly shallower scratch depth. Below the 600 mN, pearlitic and low-Si CGI's showed very close behaviour, however increasing the scratch load to 1000 mN resulted in more profound matrix deformation and scratch depth in pearlitic CGI studied sample compared to the ferritic solution strengthened CGI alloys. Furthermore, as it is obvious from Fig. 3(a) , the microscratch depth profiles for medium-and high-Si content showed very close values for each range of applied load condition and the difference is almost insignificant. The microscratch depth of high-Si alloy is only slightly lower than that of medium-Si one. A lower scratch depth suggests a greater resistance to scratching with a reduction in material loss. This behaviour shows a good correlation between tensile and scratch test results, presented in Table 2 and Fig. 3 , explaining the influence of matrix hardness on scratch behaviour of CGI, in that high-Si CGI alloys having the largest microhardness and Brinell hardness showed higher scratch resistance than the medium-, low-Si fully ferritic solution strengthened and pearlitic CGI's. Figs. 4(a) and (b) show the microscratch depth measured during scratching under scratch load of 600 mN for low-Si and pearlitic CGI's, respectively. The difference between post-scan topography and microscratch depth profiles can be used as an indication of the significance of the elastic recovery taking place after removing the indenter in each material with its characteristic structure. As can be observed, a larger elastic recovery is involved in pearlitic CGI compared to low-Si ferritic alloy under 600 mN applied load. Similar trend was observed for medium-and high-Si alloys as well. So that, increasing Si content resulted in less gap between the post-scan topography and microscratch depth curves. Thus, this is translated to the less elastic recovery happening after scratching. Such behaviour can be related to a combination effect of Young's modulus, hardness and nature of the materials, in that, pearlitic CGI with lowest E showed the largest elastic recovery and high-Si the lowest among the investigated samples.
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Science and Processing of Cast Iron XI Fig. 5 shows SEM micrographs of typical microscratches made over pearlitic and solution strengthened ferritic CGI specimens under various load conditions. For pearlitic CGI, applying load of 100 mN, produced a scratch with small displacement of the matrix, while a less deformation was observed for low-Si CGI. However, this load was insufficient to produce significant scratch on high-Si alloys, and that was confirmed by the absence of visible grooves produced over the surface. In addition, for all the materials, it was observed that the deformation mechanism of the matrix is primarily controlled by a gentle increase of penetration depth of the indenter under low load conditions i.e. 100, 200 and 400 mN. However, for scratches, performed at normal loads higher than that of 600 mN, a more profound plastic deformation was observed showing a transition in wear mode from very smooth micro-ploughing to moderate micro-ploughing. This happening was primarily accompanied by displacement of metal matrix; however, no significant pile-up formation could be detected. Further increase of normal load up to 1000 mN resulted in a considerable change of micro-mechanism from micro-ploughing to micro-wedge formation where the matrix deformation is expressed by the appearance of pile-up on the edge of microscratch grooves and small chip formation in front of the indenter. A clear decrease exists for transition from microploughing to micro-wedge forming mode with increasing of the matrix hardness which is in accordance with literature [22] . Moreover, it was found that the difference in lubrication mechanism explains the higher friction and also the differences in machinability between compacted and nodular graphite irons [2, 3] . This can be partially explained by the role of the graphite in lubricating the surface during scratching (micro-cutting). As can be seen, for instance, scratching of medium-Si alloy under 800 mN constant load, the compacted graphite particles are fractured and extruded, while the nodular graphite particles stayed almost intact although the scratches were made very close by.
Moreover, it was also found that increasing scratch load resulted in severe deformation modes in all investigated materials, however the largest and lowest influence and matrix failures were seen for pearlitic and high-Si CGI alloys, respectively. Similar behaviour was observed in pile-up tendency. Coupling the microscratch depth, width and hardness, it can be concluded that due to the lower scratch depth and smaller pile-ups, scratching of high-Si results in lower tangential forces and friction coefficients. This occurrence is in accordance with the coefficient of friction data presented in Table 3 , where the lowest friction coefficient was achieved for high-Si CGI alloys, although the scratch depth is only slightly lower compared to low-and medium-Si alloys. Note should be taken that, SEM images of microscratch showed more uniform grooves rather than the pearlitic CGI, this is mainly related to the uniform hardness of the solution strengthened ferritic matrix. This may result in considerable improvement in machinability of these alloys which was discussed in our previous study [23] .
Conclusions
As-cast compacted graphite iron samples with various microstructures were investigated for differences in matrix hardness, mechanical properties and scratch behaviour. It was observed that the scratch behaviour of the studied CGI alloys followed, in principle, the same trend as it has been observed in hardness measurements. So that a clear decrease was observed for transition from micro-ploughing to micro-wedge formation mode accompanied with increasing of matrix hardness. In addition, the scratch depth and width were found as suitable measures to ascertain the scratch resistance of the investigated CGI alloys.
